Performance of several tasks simultaneously (dual-tasks) is common in everyday walking.
Introduction
Real world walking often involves performance of several cognitive or motor tasks simultaneously (i.e. dual-tasks), such as walking while talking, using a mobile phone, navigating busy crowds or complex environments (1) (2) (3) . Dual-task walking ability (i.e. safety and effectiveness) declines with age (4), with deficits in performance of gait or secondary tasks. For example, older adults tend to stop walking in order to talk (5) . Importantly these difficulties with dual-task walking often lead to reduced mobility (6) , increased distractibility and falls risk (7), which in turn affect quality of life (8).
The specific neural mechanisms that underpin dual-task walking difficulties with ageing remain unclear (9), although there is strong evidence that cognitive resources, particularly executive or attentional processes play a vital role (10) (11) (12) . Executive function involves a range of cognitive processes, such as planning, organisation and appropriate allocation of attention (13, 14) , which occurs at the pre-frontal cortex (PFC) and other regions within the frontal lobe (15) , with attentional projections to various cortical and sub-cortical brain centres. Executive function is thought to be involved in dual-task walking (16, 17) , through the allocation of attentional resources to the simultaneous tasks. Activation of the PFC and other regions is required for walking and balance (18) (19) (20) (21) (22) (23) (24) . Altered cortical activity with ageing may explain dual-task walking dysfunction with ageing. Examination of cortical brain mechanisms or activation involved in walking in young and older adults, particularly under dual-task, may provide insights into gait impairment and aid in the development of therapeutic interventions.
Traditional imaging (i.e. Functional magnetic resonance imaging (fMRI), positron emission tomography (PET), Single Photon Emission Computed Tomography (SPECT) etc.) of the brain while walking, to uncover cortical and sub-cortical regions/networks involved, is currently impossible as the head has to remain in a static (still) position to use these techniques. As a result imaging studies are limited to mental imagery and virtual reality protocols, which may not truly represent the real-time execution of walking (25). Functional near-infrared spectroscopy (fNIRS) is an emerging non-invasive methodology that can measure changes in cortical oxygenated haemoglobin (HbO2) and de-oxygenated haemoglobin (HHb) concentration levels while walking (26, 27), through monitoring near-infrared light (usually of 650-950nm wavelength). The use of fNIRS for monitoring cortical activity has been used for over 3 decades (28), validated against traditional imaging techniques (29) and a variety of algorithms are available to identify and effectively reduce motion artefacts (30), which makes it suitable for real-time monitoring of cortical activity when walking (24). fNIRS measures hemodynamic changes in blood flow in the local capillary network caused by neuron firings, which is commonly referred to as neurovascular coupling (31). It uses near-infrared light emitter-detector pairs to emit light into the skull that diffuses through brain tissues (including blood capillaries) resulting in scattering of multiple photons (32). These photons then exit the skull after passing through the cortex (typically ~1-2cm deep, with an emitter-detector optode distance of 3.5cm) and fNIRS detector channels measure their intensity. HbO2 and HHb have different absorption coefficients for the different wavelengths of near-infrared light, which can be used within Beer-Lamberts law (see (33) for equations) to calculate the relationship between an exciting photon intensity and incident photon intensity allowing calculation of changes in HbO2 and HHb (34).
To date, few studies have used fNIRS to examine real-time cortical activity when walking under dual-task in older adults compared to younger adults (18, (35) (36) (37) . Holtzer, Mahoney (36) showed that PFC activity increased with a dual-task in both young and older adults, with greater increase in young adults. In contrast, Beurskens, Helmich (18) reported little change in PFC activity with a dual-task in young adults, but decreased activity in older adults. Previous fNIRS studies have been limited to examination of only PFC activity with differences in the activation across other cortical areas under dual-task walking only investigated in young adults (20, 21, 40) , therefore age-related regional differences are unknown (41). Imaging studies have demonstrated that gait is complex and involves multiple cortical regions (24, 42).
Studies highlight the importance of the PFC, supplementary motor area (SMA), premotor cortex (PMC) and primary motor cortex (M1) in gait control (43, 44). However studies have primarily focussed on motor regions (i.e. SMA, PMC, M1), with few studies simultaneously examining cognitive regions (i.e. PFC) (24, 42). Recent imaging studies have shown that with age there is breakdown of network processes and connectivity between cortical regions involved in gait, executive function, attention and visuospatial ability (24, 45). Although limited by the static methodologies employed, these results highlight a shift from automatic to more conscious cortical control of gait with increased executive-attentional deployment required with ageing to overcome deficits in motor regions (42), which limits resources to implement on concurrent tasks. Monitoring real-time activity across cognitive and motor cortical regions in young and older adults will enhance understanding of age-related response to dual-tasks.
This study aimed to: 1) examine activity in motor and cognitive cortical regions when walking under single and dual-task in young and older adults; and 2) determine the effect of cognition on dual-task cortical activity changes. Specifically, we compared changes in HbO2 (activation) during walking in young and older adults within several motor (PMC, SMA, M1) and cognitive (PFC) regions of interest (ROI) bilaterally. To robustly interpret dual-task walking findings, this study involved three independent conditions; cognitive (digit vigilance), motor (walking) and dual-task (i.e. combined cognitive and motor task) (Figure 1 ). We hypothesised that older adults would demonstrate greater cortical activation during dual-task walking compared to young adults, particularly at the PFC. We also hypothesised that cortical activation in older adults would relate to cognition.
Materials and Methods

Participants
A convenience sample of 17 young and 18 older adults were recruited for this study through adverts placed on university notice boards. This sample size based upon previous fNIRS dualtask studies (39, 46). All participants provided written informed consent and the study was approved by a Newcastle University Research Ethics Committee. Participants were included if they were able to walk unaided for at least 5 minutes; community dwelling, had adequate hearing and vision, were on stable medication for the past month and within the age range of 20-40 years for young adults and ≥50 years for older adults. Exclusion criteria were: previous diagnosed major gait abnormality, psychiatric co-morbidity, clinical diagnosis of dementia, acute lower back or lower extremity pain, chronic musculoskeletal, respiratory, neurological or unstable cardiovascular disease. Adequate vision was assessed using a Snellen visual acuity chart placed at 6-metres (usual visual correction worn when walking was permitted) (47). All testing took place within the Motor Function Laboratory at the Institute of Neuroscience, Newcastle University. Potential participants were initially screened during a telephone call and then invited to attend a single visit, which lasted approximately 2-3 hours. One older adult participant was left handed, with all other participants being right handed.
Experimental design
Equipment
A tethered fNIRS optical imaging system (23.8Hz; LABNIRS; Shimadzu, Kyoto, Japan) was used to record cortical changes in HbO2 and HHb when walking via continuous wave laser diodes with wave-lengths of 780, 805 and 830nm. The fNIRS system measured optical density of the raw signal and converted this to HbO2 and HHb using Beer-Lamberts law (34). The specific equations (where ∆OD is the change in optical density) used by the fNIRS system are; The fNIRS system consisted of 25 optodes (5x5) with light source emitter (n=13) and detector fibres (n=12) (total 40 channels) tethered to the LABNIRS device. The fNIRS optodes overlaid the frontal lobe (left and right hemispheres) and covered a 12x12cm area, with an emitterdetector distance of 3.5cm. Participants wore a whole-head fiber holder marked with labels of the international 10-10 EEG System (Whole-Head Fiber Holder, Shimadzu, Kyoto, Japan), which allowed for Cz position to be determined for each individuals' head. A digitizer (FASTRAK, Polhemus, VT, USA) was used to provide 3-dimensional (3D) morphological locations for cortical ROIs relative to scalp position and the fNIRS optode measure. A backpack was used to support fiber cables during walking tasks.
A tri-axial accelerometer (100Hz, Axivity Ltd., Newcastle upon-Tyne, United Kingdom) was placed on participants' lower back (over the 5 th lumbar vertebrae) to measure gait characteristics of the participants while walking on the treadmill (54, 55).
Protocol and Experimental tasks
All participants stood still and walked on a treadmill at preferred speed under single or dualtask. The dual-task consisted of a digit vigilance task, where the researcher provided the participant with a number (1 to 9). Next, random numbers (1 to 9) were played over a speaker for 30-seconds, while participants counted mentally how many times the number occurred.
Participants then called out the counted number at the end of the 30-second block. This dualtask reduced the potential for speech-related artefact data infiltration due to talking and enabled standardised blocks of exposure.
Preferred walking speed on the treadmill was determined by increasing belt speed until it was faster than the participant's preferred speed, then reducing belt speed until preferred speed was achieved (56) . Participants performed standing tasks first to avoid any carryover effect. The fNIRS data was processed using time-series analysis within NIRS-SPM, which has been The primary outcome measure was HbO2 concentration, which was used as a marker for cortical activation. HbO2 rather than HHb was used due to its sensitivity to walking and cognitive tasks (22, 62). Averaged HbO2 (normHbO2) concentrations for each trial (Block 1 to 5) and differences in HbO2 (diffHbO2) between the control (walk or stand) and experimental (dual-task, cognitive or motor (walk)) conditions were calculated.
Secondary outcomes included gait characteristics of step length, velocity, step time, swing time and stance time. Gait outcomes were calculated using our validated custom-made MATLAB algorithms, for further information see; (54, 55) . In brief, continuous wavelet transform (convolution of the accelerometer data and an analyzing function, i.e. mother wavelet) estimated initial contact and final contact of the foot with the ground from the vertical acceleration trace, which allowed calculation of the gait outcomes.
<<Insert Figure 2 here>> 
Statistical Analysis
Data were analysed using SPSS (v21, IBM, Chicago, Il., USA) and assessed for normality, with parametric and non-parametric analysis used where relevant (63) . Outcomes assessed with non-parametric analysis are detailed in Table 1 . Descriptive statistics for demographics, cognitive and visual outcomes were calculated. Linear mixed effects models (LMEM) determined significance of absolute HbO2 changes (normHbO2) from control to experimental task during the different blocks of testing within each of the ROI. Specifically, LMEM were created with group (young vs old) as a between subject factor and task (walk and dual, or stand and cognitive task or walk) and trial (1, 2, 3, 4, 5) as repeated within-subject factors, with treadmill speed as a covariate. All interactions between these features were considered within the models. Bonferroni correction for multiple comparisons (p-value / number of comparisons) was applied during the post hoc analyses. To clearly present our data, graphs of the relative changes across trials (diffHbO2) (i.e. dual-task -walking, or walking -standing or cognitive-task -standing) were also created using the same LMEM, without the task factor.
Spearman's correlations explored relationships between demographic, gait and cognitive characteristics with relative cortical activity levels (diffHbO2 averaged values across trials). Table 2 shows the cortical activity (normHbO2) results for the conditions and interaction effects with trial and group with a dual-task. Our results demonstrated that both young and older adults respond in a similar manner to a dual-task. Cortical activity (normHbO2) significantly increased within all motor ROIs (PMC, SMA, M1) in both groups when performing a dual-task (Table 2) . Interestingly, PFC (left and right) activation did not significantly change under dualtask conditions for both groups (left: F=.16, p=.693; right: F=1.14, p=.287, Table 2 ). Across trials cortical activation was greatest within the first and/or second trial (Supplementary Tables   1 and 2) , and a two-way interaction effect (Task*Trial, normHbO2, Table 2 ) indicated that increased activation attenuated over consecutive trials in both groups (Figure 3 ).
There were very few group differences in cortical activation (normHbO2 levels) between young and older adults when performing a dual-task, with only left SMA activation being significantly different (Group*Task, Table 2 ). This indicated that older adults had less left SMA activation under dual-task walking conditions compared to young adults (Supplementary Table 1 ).
<<Insert Table 2 here>>
Independent cognitive and motor tasks
In contrast to dual-task conditions, independent performance of the cognitive task led to significantly increased cortical activity across all ROIs in both groups, with similar attenuation across trials (Supplementary Figure 1) . Older adults had greater left PFC (F=6.2, p=.013) and PMC (F=4.3, p=.040) activation during the cognitive task compared to young adults.
The largest increases in cortical activity (normHbO2) across all assessed ROIs occurred when independently performing a motor task (walking) in both groups (Supplementary Figure 2) .
Supplementary Figure 2 also demonstrated that cortical response to walking appeared more consistent than response to a dual-task or independent cognitive task (i.e. similar levels activation over each trial with no trend to increase or decrease over time); however, there appeared to be a greater response within the PFC and M1 for older adults.
<<Insert Figure 3 here>> 
Demographic, cognitive and gait correlates of cortical activity
There were few significant relationships between the obtained demographic and cognitive or gait measures (reported in Table 1 ) with relative cortical activity (diffHbO2). The only consistent finding was that better executive function (CLOX1) related to greater increase in activity within the majority of ROI with a dual-task in both young and older adults (Table 3) .
To our knowledge, this is the first study to explore and compare cortical activity (HbO2) across cognitive and motor regions in response to a dual-task in young and older adults. The study also examined the relationship between cortical activity dual-task response and cognitive characteristics. Results contrasted with our hypotheses. Findings indicated that both young and older adults respond in the same manner to a dual-task, with significantly increased cortical activity in motor regions (PMC, SMA, M1) and no significant difference in cognitive regions (PFC). We also found that cortical activity increased in response to a dual-task primarily within initial task exposure (Trials 1 and/or 2) and response attenuated with consecutive trials. Dual-task cortical activation related to executive function across both groups.
Cortical activity response to dual-task
Bilateral cortical activity increased in motor cortical ROIs in both young and older adults under dual-task, which was most prominent during the initial dual-task exposure (Trials 1 and 2).
Holtzer, Mahoney (64) found similar attenuation of cortical activity response to walking and dual-task following the first two trials, although attenuation to their spoken dual-task was less evident than the present study. Our results also agree with previous imaging work that has
shown that internally and externally driven tasks increase cortical activation in multiple motor cortical regions (65, 66 Methodological protocol or dual-task differences between studies may also have affected previous results and comparisons, and the following section discusses these factors.
The role of protocol and nature of dual-task in cortical activation
Use of a motor task (i.e. single-task walking) as a baseline condition may have limited the capacity to find further increases in cortical activity (HbO2 levels) under dual-task. Previous studies have used static baseline conditions of standing (35-37) or sitting (18) , which may have inflated findings. Indeed, when using standing as a baseline condition, we found large increases in HbO2 (normHbO2 and diffHbO2) levels across all ROI when independently performing a motor task (i.e. walking) in both young and older adults, with greater response in PFC and M1 for older adults. Furthermore, such increases with walking may be due to an increase in general perfusion or motion artefact, as well as increased cortical activity (72).
Therefore, static baseline comparison may not be appropriate and could explain previous significant PFC activity changes.
Previous age comparison studies have primarily investigated dual-task cortical activity response during over-ground walking. In contrast, due to the exploratory nature of this study and the use of a multi-channel tethered fNIRS system, we used a treadmill set to each participants' preferred walking speed. Cortical activity during treadmill walking differs compared to over-ground walking (56) , likely due to increased attention to gait with the external prompt of the treadmill particularly in those who are unaccustomed to them. The treadmill required participants to continue at a set speed and therefore they could not slow their walking under dual-task (Table 1) , which occurs when walking over-ground (73 (72) . Therefore, previous studies may have reported an inflated dual-task response due to increased HbO2 levels because of speaking rather than actual cortical activity.
A key factor to consider when interpreting these and other previous dual-task fNIRS findings is the limited understanding of the underlying neural activity involved with different dual-tasks, which has been highlighted within a recent systematic review (82) . Currently studies report that dual tasking involves the PFC (83) and other cortical regions are not often considered.
However, other regions such as the temporal lobe, which is involved in memory, may also be involved in dual-task performance (84) and involvement of cortical regions may differ between individuals. For example, even during standing our cognitive task increased cortical activation in various regions, with group differences in the left PFC and PMC, which are involved in language encoding and word retrieval (85, 86) . However, when walking with the same cognitive task group differences were not evident. These findings highlight the complexity of the underlying mechanisms involved in dual-task performance and the need for further understanding.
Cortical activation relationship with executive function
We found a consistent relationship between increased cortical activity (diffHbO2) and higher executive function across the groups. Findings are consistent with theories that link the PFC and other frontal lobe regions (i.e. PMC) (87) to the monitoring and control of executive (and attentional) resources to competing task demands (16, 88) . Previous studies have demonstrated robust relationships between executive function and gait, which relate to the underlying cortical activity involved (19) . Motor and cognitive processes are functionally related with the M1, SMA and PMC regions influenced by the PFC (89), as the conception, initiation and on-going control of movement relate to activation of these regions (90).
Participants with better executive function likely had greater capacity to increase their cortical activation with a dual-task to enable them to maintain their gait and perform the secondary task simultaneously.
Limitations
The present study has several limitations. Although we have adequately justified our sample size it is still relatively small. Similarly, all of the young participants were university students with a significantly different education level compared to older adults, which may impact cognition and by-proxy gait findings due to the known influence of education on cognition (91).
This study did not involve a comprehensive cognitive battery which future studies may use to uncover further cognitive relationships with cortical activity. Walking was completed on a treadmill with a tethered fNIRS device which may not be truly representative of over-ground walking and associated cortical outcomes. However, this study assessed multiple cortical regions to provide a greater understanding of the contribution of the front lobe to walking and dual tasking. Future work may benefit from a full cap system that would allow data capture from temporal, parietal and other regions. Future work could examine cortical activity when walking in response to a graded secondary cognitive task, which would allow for quantifying varying task difficulty. As such there is a need to develop standardised dual-task paradigms, which may be used with fNIRS methodologies.
Conclusions
This study found that both young and older adults respond in a similar manner to dual-task conditions. Using a robust methodological approach, we found dual-tasking increased cortical activity in multiple motor ROIs in both groups, but older adults do not increase SMA activation to the same level as young adults. Overall, changes in cortical activity with a dual-task related to executive function. Methodological factors require consideration within future work and progression to more natural over-ground walking tasks is required.
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Step Length (m) 0.50 (0.06) 0.47 (0.06) .096
Step Velocity (m/s) 0.85 (0.16) 0.80 (0.13) .289
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